The magnetic properties of 10 nm size Ni͑OH͒ 2 nanoparticles prepared by sol-gel method have been studied. The magnetic moments increase with decreasing temperature in a low applied field, which is due to the spin-frozen-like state at low temperatures, and the metamagnetic transition is not clearly observed even in an applied field of 70 kOe due to the size effect. Furthermore, the transition from paramagnetic to antiferromagnetic in the Ni͑OH͒ 2 nanoparticles occurs at lower temperature ͑22 K͒.
I. INTRODUCTION
Magnetic nanoparticles are a subject of intense research due to their unique magnetic properties which make them very appealing from both the theoretical and technological point of view. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The exchange-bias phenomenon, i.e., the hysteresis loop shifts in the applied field, was first discovered by Meiklejohn and Bean in oxide-coated Co particles. 12 Recently, the research on the exchange bias has been attractive, because of its fundamentally important role in spin valve and tunneling devices. 13, 14 The antiferromagnetic ͑AFM͒ NiO nanoparticles have been well studied due to their potential for exhibiting magnetization reversal by the quantum tunneling as well as for their technological application. 15 The magnetic properties of Ni͑OH͒ 2 nanoparticles have attracted little attention, and one of the important application of Ni͑OH͒ 2 is in rechargeable battery system, 16 where its structural and compositional characteristics greatly influence the properties during reversible in recharging. 17 Recently, Tiwari and Rajeev 18 reported that the Ni͑OH͒ 2 nanoparticles prepared by the sol-gel exhibited a paramagnetic ͑PM͒-toferromagnetic ͑FM͒ transition at low temperatures, and found superparamagnetic blocking at lower temperature. However, Takada et al. 19 reported that bulk Ni͑OH͒ 2 was an antiferromagnet exhibiting a metamagnetic property with the Neél temperature of 30 K, and a field-induced transition took place when the applied field was larger than the critical field. In this paper, we report magnetic properties of Ni͑OH͒ 2 , and find that the transition in the Ni͑OH͒ 2 nanoparticles is from paramagnetic to antiferromagnetic at low temperature, which is similar to bulk properties. Furthermore, the exchangebias phenomenon and the coercivity field with the variation in temperature are investigated.
II. EXPERIMENT
Ni͑OH͒ 2 nanoparticles were fabricated by a sol-gel method, by reacting aqueous solutions of nickel sulfate NiSO 4 ·6H 2 O and sodium hydroxide NaOH at pH=12 at room temperature with continuously stirring. The obtained green sol of Ni͑OH͒ 2 was centrifuged to obtain a gel of Ni͑OH͒ 2 . The resulting gel was washed several times with distilled water until free of sulfate ions. The gel was then dried at 353 K for several hours to obtain green-colored Ni͑OH͒ 2 powders. X-ray diffraction ͑XRD͒ analysis was conducted using Cu K ␣ radiation. The surface of the powder was characterized by x-ray photoelectron spectroscopy ͑XPS͒, and all the XPS measurements were carried out with reference to C 1s binding energy ͑BE͒ ͑284.5 eV͒ as internal standard. The magnetic properties were measured by a superconducting quantum interface device from 5 to 200 K.
III. RESULTS AND DISCUSSION
The XPS spectra of Ni 2p 3/2 and Ni 2p 1/2 energy levels are shown in Fig. 1 . It is seen that the BE values of Ni 2p 3/2 are 855.6 and 861.5 eV, corresponding to the Ni͑OH͒ 2 and NiO, respectively. Accordingly, the values of Ni 2p 1/2 are 873.3 and 880.8 eV, corresponding to these two contributions. Based on the analysis above, it is confirmed that NiO exists on the surface of the powders though its content may be quite small. The XRD pattern in the inset of Fig. 1 ever, the diverse peaks having very different peak width found in XRD pattern may be due to stacking faults in the material. 20 As the ͑100͒ peak is not affected by stacking fault broadening, the grain size of the sample was determined to be about 10 nm by the Scherrer formula, 21 which could approximately represent the average grain size of the sample.
Temperature dependences of zero-field-cooling ͑ZFC͒ and field-cooling ͑FC͒ magnetization in a magnetic field of 0.1 kOe are shown in Fig. 2 . The inset in Fig. 2 presents the ac susceptibility versus temperature. It is clear that the ZFC magnetization increases and reaches a maximum at 22 K, and then decreases with increasing temperature. Furthermore, the versus T curve shows the peak at 22.5 K, which is in agreement with the ZFC curve. In order to investigate the variation in magnetization with applied field, the ZFC-FC curves in applied fields of 1, 10, and 50 kOe are shown in Fig. 3 . It can be seen that the bifurcate points of the magnetization curves decrease with increasing applied field. Furthermore, the slopes of the FC curve increase with increasing the applied field below the temperature corresponding to the peak, and the value of slope changes from negative at a small applied field to positive at 50 kOe. The inset in Fig. 3 
From the results above, the peak at around 22 K would be a freezing temperature of AFM phase. The decrease in the ordered temperature ͑22 K͒ of Ni͑OH͒ 2 , compared with 30 K reported in Ref. 19 , is due to the decrease in grain size of Ni͑OH͒ 2 .
14 The grain size is about several nanometers in our system, but 2 ϳ 5 in size in Ref. 19 . Moreover, the FC curve in low field in Fig. 2 exhibits ferromagnetic-like property at 25 K, which is quite different from the AFM property in Co͑OH͒ 2 nanoparticles.
22 Figure 3 presents the decrease of FC magnetization with decreasing temperature at 50 kOe, indicating that this is a transition from PM to AFM. Furthermore, the spin-frozen-like state occurs at low field, but it will be overcome at a quite large applied field, 14, 23 so that the AFM state gradually increases with increasing applied field, corresponding to the increase in the slope of FC curve as presented in Fig. 3 . Moreover, the spin-frozen-like state will occur at low temperatures in low field for FM or AFM nanoparticles. 5, 7, 14 Usually, the decrease in the size of materials does not change the nature of the exchange interactions extent on the surface, therefore, the interaction in the Ni͑OH͒ 2 nanoparticles is still antiferromagnetic when the surface spin-frozen-like state is overcome, the same as that in the bulk Ni͑OH͒ 2 . 19 From the inset in Fig. 3 , it is found that not clear metamagnetic transition occurs even up to the applied field of 70 kOe. Therefore, the size effect and the interfacial effect would greatly affect the interaction between spin moments. 24 
Mills
25 reported that metamagnetic transition may occur when H exceeds the value H cr = ͑2H E H A ͒ 1/2 , at T = 0, where H E and H A are effective exchange field and anisotropy field, respectively. Similarly, in our system, the H E may be greatly enhanced due to the strong interaction between NiO and Ni͑OH͒ 2 , and the H A may be also enhanced in exchange biased systems.
14 Because large H E and H A lead to higher H cr than the applied field, the metamagnetic transition is not found clearly in our system ͑also in Ref. 18͒.
Furthermore, the exchange bias phenomenon in Ni͑OH͒ 2 nanoparticles with the surface of NiO is studied at low temperatures. The hysteresis loops of Ni͑OH͒ 2 at 5, 10, 15, and 20 K in applied fields up to 50 kOe, after FC at a cooling field of 5 kOe are given in Fig. 4 . The values of exchange bias field H EX ͑defined as Ref. 6͒ and H C decrease with increasing temperature, which are plotted in Fig. 5 . The hysteresis loop at 5 K in a cooling field of 5 kOe is presented in inset of Fig. 5 , in which the H EX and irreversibility field ͑H ir ͒ are marked by arrows. It is found that the values of H EX decrease rapidly from 5 to 12 K and decrease slowly from 12 to 20 K. Accordingly, the value of H C increases rapidly from 20 to 10 K and varies slowly with further decreasing temperature. Both the H EX and H C nearly disappear at 20 K, around the freezing temperature of 22 K.
Here, we try to understand why the exchange bias phenomenon occurs in the present powders. In magnetic nanoparticles system, the surface spins may be frozen at low temperatures. [5] [6] [7] 26, 27 Similarly, the exchange interaction between the surface spins and core moments occurs, leading to the exchange bias field in Ni͑OH͒ 2 nanoparticles. Moreover, from XPS analysis in Fig. 1 , few content of NiO existed in the surface of the powders with AFM/AFM coupling would take very important role in exchange interaction. 28, 29 Furthermore, in nanoparticles the reduction in the size of AFM systems results in uncompensated moments, which are predominantly at the surface. This uncompensated spins have a FMlike behavior, giving rise to remanence and coercivity in our hysteresis loops ͑see Fig. 4͒ . 5 Therefore, the exchange coupling between these uncompensated spins and the AFM core ͑or NiO͒ would be contained in total energy. All exchange couplings mentioned above will give rise to some magnetic properties: loop shifts and enhancement of coercivity. In addition, the vertical shift is usually found in AFM/FM films and it is very difficult to observe this phenomenon in AFM/ FM, antiferromagnetic/ferrimagnetic ͑AFM/FI͒ or AFM/ AFM powder systems, which is not clear in our system. Finally, the interface between two AFM phases would change from compensated to uncompensated as defects introduced into, thus the defect, such as strains and stacking faults, may be also affect the magnetic properties of sample.
14

IV. CONCLUSION
It is shown that the transition in the Ni͑OH͒ 2 nanoparticles is from PM to AFM, which is similar to bulk. The magnetic moments increase with decreasing temperature in a low applied field, which is due to the spin-frozen-like state at low temperatures because of the small size effect. Not clear observation of the metamagnetic transition is due to the size effect. 
